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Introduction 
Schistosomiasis 
Schistosomiasis is a neglected tropical disease caused by parasitic worms that, in 2016, 
is estimated to have infected 206 million people worldwide.1,2 In humans, the disease is 
associated with rashes, bloody stools, stomach pain, and diarrhea. If untreated, the risk of 
developing fibrosis in infected organs, lesions in the central nervous system and genitals, 
bladder cancer, hepatomegaly, and colonic polyps increases. In children, prolonged infection is 
associated with stunted growth and delayed cognitive development. In addition, coinfection 
with schistosomiasis may hasten the progression of HIV, tuberculosis, and malarial infections.1  
In sub-Saharan Africa alone, 166 million people were estimated, in 2003, to have been 
infected with the disease, accounting for about 80% of all infections.3 Studies suggest that 
reinfection is a fact of life for people in developing regions.1 Although the disease is easily 
cured, only 98.7 million people, 47.9% of infected people, were treated with an anthelminthic 
drug, like praziquantel in 2017.4 The WHO aims to treat 75% of affected people with 
praziquantel by 2020, but 75% is still a far cry from reaching all affected people.5 Given the 
potential morbidity of the disease, relying solely on curative drug administration is 
unacceptable; preventative measures are also necessary. 
As its name suggests, schistosomiasis is caused by trematodes in the genus 
Schistosoma. S. mansoni, one of the species responsible for human schistosomiasis, is found 
mainly in warm climates with freshwater: Africa, South America, the Middle East, and the 
Caribbean.4,6 Unlike most other trematodes, Schistosoma are not hermaphroditic. When fully 
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mature, the worms are dioecious and sexually dimorphic; males are much larger than females 
and have a medial groove within which females lie.7 The configuration is reminiscent of a 
hotdog in a bun. The parasite leads a complex life cycle (Fig. 1) which requires two hosts over 
the span of its existence. The eggs of S. mansoni hatch into miracidia: free-swimming larvae 
which go on to infect freshwater snails, such as B. glabrata. Once they’ve infected a snail, the 
miracidia develop into sporocysts and asexually reproduce. After further development, they 
emerge from their snail hosts in the form of cercariae.6 It is only when they infect a human host 
that they can mature to adults and reproduce sexually. Once they have infected their host, the 
worms make their way to the liver where they form mating pairs and reach sexual maturity. 
The pairs leave their host’s liver and travel against the flow of blood to reach the mesenteric 
vein, which sits between the host’s colon and liver. Eggs are laid and travel into the colon, 
where they wait to be excreted in feces.7  
 
Figure 1. Life cycle of S. mansoni. Blue background indicates the stage of life occurs in 
freshwater; pink background indicates life stage occurring in mammalian host. Not shown 
are two generations of sporocysts that develop within the intermediate host: B. glabrata. 
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One of the most salient features of this life cycle is the obligatory infection of 
Biomphalaria glabrata as an intermediate host. Without B. glabrata, S. mansoni miracidia 
cannot proceed into their cercarial form, making it unable to infect a mammalian host. Thus, 
cutting the pathogen off at this intermediate step in its life cycle could be an effective disease 
management strategy in regions where drug administration and diagnosis are obstructed by 
economic factors. Therefore, the study of B. glabrata’s immune response may prove essential 
to the mitigation of schistosomiasis. 
Innate Immunity 
Among animals, there are two immune systems: the adaptive immune system and the 
innate immune system. Vertebrates, like Homo sapiens, incorporate both systems jointly as 
mechanisms of antipathogenic defense. The adaptive system, unique to vertebrates, consists of 
a family of cells that respond quickly and efficiently to pathogens that have been encountered 
previously. The cells of this system rely on the specificity of receptors that are custom made in 
response to an infection. In vertebrates, the adaptive immune system is supplemented by the 
innate immune system. This is especially true during the initial stages of a new infection, when 
the adaptive immune system is temporarily unavailable. In fact, for invertebrates, the innate 
immune system is the sole mechanism of defense. 
The innate immune system can recognize and respond to generalized pathogen-
associated molecular patterns (PAMPs) that are common to many pathogens, like dsRNA from 
viruses, lipopolysaccharides, and peptidoglycan from bacteria. The innate immune system 
functions at all levels of organization: from molecular interactions to organ mediated responses, 
providing a rapid and generalized response to damage and infection.   
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In the innate immune system, physical barriers are the first line of defense: epithelia, 
gastric acid, and lysozymes prevent pathogens from invading an organism’s tissue. Some 
barriers, like skin and stomach acid, function in a very intuitive way that makes sense in the 
macroscopic world: skin prevents the entry of most pathogens and acid damages membranes. 
Antimicrobial proteins function at a microscopic level. Lysozymes break apart bacterial 
membranes and lactoferrin sequesters iron, impeding the settlement of invading microbes. 
In addition to physical  barriers, the  innate immune system comprises cellular and 
humoral components which is, for the most part, made up of a set of effector cells and the 
signal transduction that goes on within and between them. Innate immune cells are generally 
good at sequestering invaders and dispersing antimicrobials and signaling molecules. But, cells 
do not take action or release proteins arbitrarily: all cellular activity is governed by signal 
transduction. Most signal transduction pathways begin with a receptor and pathways in the 
innate immune system are no different. Pattern recognition receptors (PRRs) are receptors that 
recognize pathogen-associated molecular patterns (PAMPs). A PRR binding a PAMP triggers a 
domino-like chain reaction amongst proteins in the cell which ultimately leads to the activation 
of transcription factors, resulting  in a change in protein expression. PRRs have specificity for 
and detect different PAMPS. In effect, viral PAMPs bind different receptors than bacterial 
PAMPs or Helminthic PAMPS, allowing for distinct immune responses dependent on the kind 
of pathogen. 
Traditionally, the innate immune system is thought of in contrast to the adaptive 
immune system: generating fixed and generic responses to invaders with no difference in 
response to repeat infections. By extension, it has been widely held that only vertebrates, with 
their adaptive immune systems, possessed immune memory.  Consequently, there is a common 
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misconception that the innate immune system is simple and well understood. Recent studies, 
however, have shown that even the premise that invertebrates lack immune memory is probably 
false.8–10 In 2013, Portela et al. showed evidence for “immune priming”, or subsequent 
resistance to infection after a primary infection, in B. glabrata. Because initial infections 
persisted throughout the duration of this study, it was originally thought that the acquired 
resistance was the result of sporocysts competitively killing off new rival parasites.11 In other 
words, it was not that the snails were changing in response to the infection, the infection itself 
conferred resistance to future infection. However, in 2016 Pinaud et al. published a study that 
showed evidence for the mechanism behind immune priming in snails. They found that once a 
snail was infected with S. mansoni, its immune response changed overtime, moving from the 
encapsulation of sporocysts to the release of a cytotoxic peptide called biomphalysin into its 
hemolymph. In other words, the first Schistosomes to infect a particular snail are subjected to a 
different immune response compared to subsequent infecting schistosomes.12 However, the 
exact mechanism underlying this  immune memory has yet to be elucidated and there is still 
much to learn about the innate immune response in B. glabrata.  
Some strains of B. glabrata are notably resistant to infection with S. mansoni while 
others are susceptible. One of the ways B. glabrata are thought to kill sporocysts is with 
hydrogen peroxide. Compared to their susceptible counterparts, resistant snails tend to produce 
more copies of a protein called superoxide dismutase (SOD), an enzyme responsible for 
producing hydrogen peroxide.13 Resistant snails have also been found to have seven 
transmembrane proteins not present in susceptible strains. The function of these transmembrane 
proteins have yet to be elucidated, but they may be receptors that recognize schistosome 
associated molecular patterns.9 It has been shown that following schistosome infection, juvenile 
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specimens of susceptible strains have increased upregulation of heat shock proteins, namely 
Hsp70 and Hsp 90. The same work showed that resistant juvenile snails can be made 
susceptible if heat shock is induced prior to infection.14  
Resistance to Schistosoma infection cannot be completely explained by overarching 
genetic differences in B. glabrata strains. There isn’t a strain of B. glabrata that is resistant to 
every strain of Schistosoma. Co-evolution has resulted in adaptations and counter adaptations 
that form a genetic arms race between sympatric strains of B. glabrata and S. mansoni. 
Different strains of snail and schistosome have co-opted different strategies to best their 
sympatric counterpart. These strategies can fall into two types: detection and avoidance 
strategies and effector based strategies. Detection and avoidance strategies mostly involve the 
snail adapting a means to recognize the schistosome, and the schistosome evading detection by 
the snail. For example, Brazilian snails will have immune receptors sensitive to Brazilian 
schistosome proteins, but not to African schistosome proteins. This difference in compatibility 
leaves the snail resistant to Brazilian strains, but vulnerable to African strains. Effector based 
strategies mainly involve the parasite working to disarm its host. In geographic locations where 
snails have increased expression of proteins that make hydrogen peroxide, the sympatric 
schistosomes express proteins that inhibit hydrogen peroxide production.9 B. glabrata 
resistance to S. mansoni tends to be based in molecular interactions between host and parasite. 
NF-κB   
Immune responses are regulated responses that are underlyingly changes in gene 
expression. These changes are modulated by transcription factors.  One such transcription 
factor is NF-κB. NF-κB regulates immune responses in both the innate and adaptive immune 
systems in mammals.15 It has been shown that when a mammal is infected with schistosomes, 
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NF-κB is upregulated, a sign that it may be involved in mediating the immune response to 
parasitic worms like S. mansoni.16 In addition, NF-κB is known to modulate the expression of 
proteins associated with immunity in vertebrates. But, NF-κB is not unique to vertebrates. It’s 
an ancient and highly conserved protein, originating as far back as our common ancestors with 
porifera and cnidarians.17 It has even been shown to mediate immune responses in the 
invertebrate, Drosophila. Given its long history, it is not unlikely that it also participates in 
immune responses in the snail B. glabrata.  
NF-κB is a family of widely studied transcription factors associated with the regulation 
of a diverse assortment of immune related proteins: cytokines, acute phase proteins, TLRs, and 
cytochromes among others.18 In humans, there are 5 isoforms of NF-κB, each with its own 
binding specificity and mode of regulation. NF-κB isoforms can largely be divided into three 
classes: I, II and III (Figure 2). In humans, the Class I NF-κB subunits are p50 and p52. These 
two subunits are originally translated as p105 and p100 precursor proteins that are later cleaved 
into their active forms.19,20 This is accomplished when KIP1 ubiquitination-promoting-complex 
1 (KPC1) ubiquitinates the precursor protein, marking it for degradation by the proteasome.21 
Like other NF-κBs, these two proteins contain an N-terminal Rel homology domain (RHD) that 
is responsible for binding to DNA, inhibitor of kappa B (IκB), and other members of the NF-κB 
family. The RHD contains a nuclear localization signal and immunoglobulin domains for 
binding DNA.22 Class II NF-κB subunits comprise p65, c-Rel, and RelB. Unlike Class I, these 
proteins contain a transcription activation domain (TAD), which is essential for NF-κB to 
upregulate transcription; a Class II subunit is necessary for the upregulation of target genes.23 
There are also subunits termed Class III, which are thought to have diverged before Class I and 
II. They are not present in humans but they are similar in structure to Class II subunits19  
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Figure 2. Structural Diagram of Class I, II, and III NF-κB subunits. Due to 
overarching similarity, Class I and III proteins are represented the same. N-Terminal 
domains of all classes of NF-κB are generally the same. All class types contain a Rel 
homology domain (RHD) which is responsible for dimerization, nuclear relocation, and 
DNA binding. Only Class II proteins have a Transactivation Domain  (TAD) and, as such, 
only Class II proteins can upregulate transcription. Class I and III proteins contain ankyrin 
repeats (ANK) and must be cleaved in order to expose the RHD. 
 
In vertebrates, NF-κB subunits exist as either hetero- or homodimers, with the most 
stable being the p65:p50 heterodimer.20 When inactive, these dimers are held in the cytoplasm 
by inhibitor of κB (IκB) or, in the case of Class I subunits, as a precursor protein.24 Both IκB 
and the Class I precursors contain an ankyrin repeat domain (ARD) which facilitates 
protein:protein interactions by increasing the Van-der-Waals forces between the two interacting 
proteins.20 When IκB binds NF-κB, it masks the nuclear localization signal of the NF-κB 
dimer, sequestering it away from the nucleus. Deletion of the nuclear localization signal results 
in zero IκB:NF-κB binding.24 This illustrates the importance of exposing the nuclear 
localization signal through the activation of NF-κB. Activation occurs when IκB Kinase (IKK) 
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phosphorylates a serine residue on IκB, signaling that it should be ubiquitinated and 
subsequently broken down via the proteasome.22 With IκB gone, NF-κB’s nuclear localization 
signal is exposed, triggering nuclear transport. 
In the nucleus, NF-κB binds κBs, with each subunit of the dimer binding a specific 
sequence that makes up an entire turn of the major groove of bound DNA.20 Different dimer 
configurations bind to different sites. If the NF-κB dimer consists of at least one Class II 
subunit, that subunit’s TAD will recruit coactivators that result in an upregulation of 
transcription. However, if a TAD is absent from a given dimer, the dimer will inhibit 
transcription by blocking other transcription factors from binding.20,22 Variation in RHD 
binding specificity and the presence of TAD account for the complex diversity of 
transcriptional function attributed to NF-κB. 
NF-κB’s role in the nucleus is not confined to just DNA binding. In the nucleus, DNA 
is wound around and organized by large octameric proteins called histones; these determine the 
overall configuration of chromatin, including whether segments of DNA are exposed and able 
to interact with transcription factors. Naturally, chromatin structure can impede NF-κB binding, 
but NF-κB can recruit histone acetyltransferases in order to reconfigure chromatin structure and 
further alter gene expression.25 This reconfiguration of chromatin leaves an epigenetic footprint 
and may be responsible for the observed immune memory in invertebrates. 
NF-κB homologs have been identified in several invertebrate phyla, including 
Arthropods, Brachiopods, Annelids, and Mollusks. Drosophila, perhaps the most studied of all 
invertebrates, has three NF-κB isoforms: Dif, Dorsal, and Relish. Dif and Dorsal are Class II 
proteins with an RHD, a nuclear localization signal, and a TAD. Relish may initially appear  to 
be a Class I NF-κB subunit: like p105, Relish is a precursor protein that contains ankyrin 
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repeats and must be cleaved for its nuclear localization signal to be exposed.26 However, it 
differs from other Class I proteins in that it can upregulate transcription of its target genes 
without having a transactivation domain and without having to form a heterodimer with a Class 
II protein.27 Relish also differs from p105/100 on account of the properties of its IκB-like half, 
Rel-49. In vertebrates, Rel-49’s corresponding protein is destroyed by the proteasome after 
being tagged with a phosphate group by the IKK. In the case of Relish, Rel-49 is simply 
cleaved by the caspase Dredd.28 For these reasons, Relish is considered a Class III NF-κB 
subunit and serves as an excellent illustration of how diverse invertebrate homologs can be.19  
As previously mentioned, NF-κB Class I and II subunits have been discovered in 
several mollusks. Class I subunits predate lophotrochozoan life, originating with cnidarians, so 
finding them in mollusks is expected.17 Crassostrea gigas, a commonly eaten oyster, has at 
least 6 NF-κB subunits, including one that is similar to Class II subunits.29 Other NF-κB 
subunits have been found in other edible oysters and Octopus bimaculoides.30,31 More 
significantly to the present study, is the recent discovery of NF-κB homologs, both Class I and 
II, in B. glabrata.  
NF-κB in Biomphalaria glabrata 
Although NF-κB subunits have been studied in invertebrates, much of the research 
conducted has focused on and the identification of NF-κB subunits in a particular organism or 
patterns of NF-κB expression.27,29,32 NF-κB binding of κBs has been investigated in 
invertebrates. However most of these studies have focused on arthropods, like Carcinoscorpius 
rotundicauda and Litopenaeus vannamei.33,34 In 2015, Sun et al. published a study 
investigating the κB binding activity of the NF-κB homolog of Pinctada fucata.35 It was the 
one of the only studies available on PubMed focused on the κB binding activity of an NF-κB 
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homolog in a mollusk. In spite of this, recent work has begun to investigate NF-κB homologs 
and their binding behavior in B. glabrata. 
In 2011, Zhang and Coultas published a paper detailing the existence of two NF-κB 
subunit homologs in B. glabrata.36 The first, which they called Bg-Relish, as its name implies 
resembles Relish found in Drosophila. Whether or not this protein truly behaves like 
Drosophila Relish or p105 remains unascertained. Phylogenetic analysis conducted during 
Zhang et al.’s study suggests that Bg-Relish is more similar to Drosophila Relish than 
Drosophila Dorsal. This suggests that Bg-Relish behaves more like a Class I protein and 
therefore cannot activate transcription without forming a heterodimer with a Class II protein. 
The second protein identified, Bg-Rel most strongly resembles a Class II NF-κB subunit. The 
presence of a TAD was not reported, but all other components of a p65-like protein were 
present. For the remainder of this paper Bg-Rel will be referred to as Bg-p65 and Bg-Relish 
will be referred to as Bg-p50. 
In 2015, a study was conducted by the Humphries lab to establish Bg-NF-κB subunit’s 
role in the immune system of B. glabrata.37 Regions upstream of genes associated with 
immunity in B. glabrata were surveyed for potential κBs that were similar to κBs in other 
species. EMSAs were then used to confirm that the Bg-RHD could bind to the sites located 
upstream of the genes for Bg-IκB and p38 MAPK. Bg-RHD was also shown to bind to the 
vertebrate consensus κB sequence. It is important to note that the Bg-RHD used was not whole 
protein, but just the 300 amino acid RHD of Bg-p65. (See Expressed RHD in Fig. 6) This study 
provided evidence to support NF-κB regulating the expression of immune related genes in B. 
glabrata. 
NF-κB in B. glabrata: A genetic fluke? 
16 
 
More recently, the Humphries lab investigated the signaling pathway that is responsible 
for the activation of NF-κB in B. glabrata.38 Using data from VectorBase39, homologs for 
genes involved in the TLR-NF-κB signaling pathway were predicted. This study identified B. 
glabrata homologs of proteins involved in the TLR-NF-κB pathway and subsequently 
investigated NF-κB’s role in regulating them. The homologs studied included: TLR5, TLR31, 
MyD88, IRAK, IKKα, IΚB-B, p105, p65, and LITAF. EMSAs showed that Bg-RHD binds to 
κBs upstream of TLR31, IRAK, IκB-B, p105, p65, and LITAF. A consensus sequence for κBs 
in B. glabrata was generated as a result of this study. As discussed earlier, rigorous 
investigation of NF-κB’s binding capability in mollusks like the two studies discussed here is 
uncommon. The present work builds off of this study and the one preceding it.  
Identifying NF-κB Targets 
The presence of a particular transcription factor does not solely support that it acts in 
the same way as its homolog in another species. As illustrated by Drosophila Relish above, 
sequence similarity does not mean that a similar or homologous protein interacts with 
corresponding homologous proteins in other organisms. Shared ancestry and similar structure 
do not necessitate two distantly related proteins to behave the same or interact with the same 
things. Predicting κBs based on sequence alone is not enough to ensure NF-κB subunits 
actually bind to them in practice. Protein:DNA binding must be found experimentally.   
There are several technologies available to researchers who want to elucidate which 
amino acid sequences a particular transcription factor binds to. Some popular techniques 
include Chromatin immunoprecipitation (ChIP), enzyme linked immunosorbent assays 
(ELISAs), and electrophoretic mobility shift assays (EMSAs). ChIP (Fig. 3) involves 
crosslinking proteins to DNA in vivo and using antibodies to isolate proteins and any DNA they 
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were interacting with. The DNA can later be sequenced in order to characterize the binding site 
or it can be analyzed via quantitative polymerase chain reaction (qPCR). qPCR is a method for 
measuring amounts of specific DNA sequences in a sample and requires some knowledge of 
the sequence expected to bind the protein of interest. qPCR works by replicating sample DNA 
over and over again in order to measure how DNA was in a sample. Sequencing is expensive 
and PCR is sensitive to contamination. If DNA happens to contaminate a qPCR reaction and it 
ends up getting replicated with the sample, it could skew data or give false positive results. So, 
ChIP is not necessarily the best method to detect protein:DNA binding. 
 
Figure 3. Schematic Summary of Chromatin Immunoprecipitation. Antibodies 
are used to pull down proteins along with any DNA the proteins are bound to. DNA 
can be later analyzed to determine binding sites associated with the pulled down 
protein. This image is from a Sigma-Aldrich page describing ChIP protocol.40  
 
Enzyme-Linked Immunosorbent Assays (ELISA) can also be used to detect 
protein:DNA binding. Potential binding sequences are biotinylated and incubated in individual 
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streptavidin coated wells, usually in a 96 well plate. (Figure 4, II) The protein of interest is 
added to the wells, allowed to bind, and excess protein removed via washing. If binding occurs, 
the protein stays in that particular well following the wash. (Figure 4, IV) Next, an antibody 
tagged with an inactive color indicator is added to the well and the well is washed. (Figure 4, 
V) Adding a color activator to the wells reveals which sequences the protein is bound to. 
(Figure 4, VI) This method can be quantitative and is incredibly efficient, but requires custom 
antibodies and a streptavidin coated well plate that may make it more expensive than other 
methods.41,42  
 
Figure 4. Schematic Summary of ELISA. DNA probes are attached to a well and 
exposed to a protein of interest. The well is washed and antibodies tagged with a 
dye are used to detect leftover, bound protein. This image is adapted from a 2010 
paper describing the method in detail.42 
 
Of the three methods presented, electrophoretic mobility shift assays (EMSAs) may be 
the most economical approach to identifying protein:DNA binding. Protein and labeled 
oligonucleotides are given the opportunity to bind in vitro. They are then loaded onto a gel that 
sorts small charged biomolecules by size. Because the gel sorts the DNA by size, protein:DNA 
binding can be detected by a shift i.e., if protein is bound to DNA, then the protein-bound DNA 
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will be heavier than the unbound DNA and will not run so far down the gel. This effect is easily 
discerned when imaged.43,44 The labeled nucleotides can be visualized through UV illumination 
or radiography, depending on the labeling method employed. Because binding occurs in vitro, 
EMSAs cannot perfectly emulate binding conditions within a cell. So, this assay, and others 
like it, can only model the binding. In addition, EMSAs are low throughput and time 
consuming, so they are less efficient that other techniques. Much of the work discussed here 
will involve the use of EMSAs. 
 
Figure 5. Schematic Summary of EMSA. Protein is given the opportunity to bind 
a sequence of DNA in vitro. The protein DNA mixture is loaded into a 
polyacrylamide gel that separates parts of the mixture by size. When binding occurs, 
the heavier protein:DNA complexes are heavier than DNA alone, resulting in a 
visible shift when the EMSA is visualized. This image is from a Thermo Fisher 
page on EMSAs.45 
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Probing the structure of Bg-p65 
Not directly addressed by prior studies is the mystery of Bg-p65’s N-terminal region. 
The N-terminus of Bg-p65 is longer than that of other species; the first 110 amino acid residues 
of p65 are of an unknown structure and whether the N-terminus plays a functional role has yet 
to be resolved. This unusual region seems too large to be the result of coincidental mutations 
over time that have culminated into a chain of amino acid residues that have no effect on the 
protein as a whole.  Could this be a functional adaptation or simply just a fluke of evolution? 
Could this be a product of horizontal gene transfer? This N-terminal extension is of interest and 
worth further investigation. 
Previous studies on NF-κB:DNA binding in B. glabrata have so far been limited to the 
RHD of Bg-p65. (Figure 4) Proteins are complexly folded and a change in the amino acid 
sequence or conformation on one end of a polypeptide chain has the potential to alter the 
conformation of the amino acids on the other side. Given the presence of the N-terminal 
extension, confirming that binding can occur with the extension present is an imperative step 
forward in investigating NF-κB binding in B. glabrata.  
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Figure 6. Naturally Occurring NF-κBs versus Expressed NF-κBs. The expressed NF-
κB subunits used in the EMSAs in this paper differ from their natural counterparts in that 
the expressed subunits shorter in sequence and tagged with a helper molecule (in blue). 
Previous work has used expressed Bg-RHD to investigate κBs in B. glabrata. Bg-RHD 
is notably just a rel homology domain flanked on either side with amino acids. It is a 
much smaller protein than the naturally occurring NF-κBs and the expressed NF-κBs. 
 
Despite recent interest and work in investigating invertebrate immune regulation, there 
is still much to learn about the structure and activity of NF-κBs in B. glabrata. What is the 
structure of the N-terminal extension of p65? Does it even have a function? Is this mystery 
structure unique to mollusks? Is there an NF-κB subunit present in the snail’s genome that is 
functionally similar to Drosophila Relish? Do both Bg-p65 and Bg-p50 have the same binding 
affinity? 
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The present work seeks to answer some of the questions above.37,38  Prior work has 
confirmed that Bg-RHD is capable of binding the vertebrate consensus κB sequence and 
putative κB sites upstream of the genes that code for Bg-IΚB and Bg-p38, inhibitors of NF-
κB.37 Rather than investigating Bg-RHD binding as a peptide fragment, this work focuses on 
larger regions of Bg-p65 and Bg-p50, which contain both the N-terminus and RHD of the 
proteins, binding the two previously investigated sites in vitro. Proteins used were express as 
being either his-tagged or GST-tagged N–terminally. Prior to this work Bg-p50 has not been 
studied in any assays to discern its binding to a κB site. This work also seeks to investigate the 
nature of the unusual N-terminal extension found on Bg-p65 through the use of antibodies and 
search for homologous domains in other species using in silico sequence analysis. 
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Materials and Methods 
Electrophoretic Mobility Shift Assays 
❖ Materials 
In order to test DNA binding of the two NF-κB subunits, sets of single stranded 
oligonucleotide probes with sequences that reflected the vertebrate consensus κ-binding 
sequence and putative of  κBs upstream Bg-IΚB and Bg-p38 were obtained from The Midland 
Certified Reagent Company (Midland, TX, USA). Each set of probes consisted of forward and 
reverse strands of the sequence. In addition, reverse strands for a corresponding mutant 
sequence were also synthesized. This amounted to six different probes: (1) vertebrate 
consensus κB sequence, (2) mutant vertebrate consensus κB sequence, (3) κB sequence 
upstream Bg-IΚB, (4) mutant κB sequence upstream Bg-IΚB, (5) B sequence upstream Bg-
p38, and (6) mutant κB sequence upstream Bg-p38. Probes used are summarized in Table 1.  
Probe Nucleotide Sequence 
B. glabrata IκB WT ggaaaacccagggcctttccaaatcgaggc 
B. glabrata IκB mutant ggaaaacccactcaatttccaaatcgaggc 
B. glabrata 38 MAPK WT aaactgataccggattttccaatcacagga 
B. glabrata 38 MAPK mutant aaactgatacatccctttccaatcacagga 
Vertebrate WT agttgaggggactttcccaggc 
Vertebrate mutant agttgagctcactttcccaggc 
Table 1. Nucleotide Sequences used as Probes. These sequences reflect the sequences 
of the oligonucleotide probes used in the present study. Bolded nucleotides represent the 
κ-binding site of the probe. Mutant sequences also have red italicized nucleotides, which 
indicate nucleotides that were changed. These sequences are identical to those used in 
previous work conducted in the Humphries Lab.37,38 
 
Proteins were either produced commercially or by Dr. Judith Humphries prior to the 
current work. Bg-RHD was obtained from Genscript ( Piscataway, NJ, USA). Genscript 
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expressed Bg-RHD by transforming E. coli BL21 (DE3) with a vector containing amino acid 
residues 84-402 of Bg-p65. Bg-RHD was expressed and isolated without a tag. Glutathione S-
transferase (GST)-tagged Bg-p65 and Bg-p50 were purified at Boston University. Histidine 
(His)-tagged Bg-p65 and Bg-p50 were purified at Lawrence University by transforming E. coli 
BL21(DE3)pLysS with pET-30a(+) plasmids purchased from Genscript. All proteins were 
aliquoted and stored at -80°C. 
❖ Biotin Labeling 
In order to make the DNA probes visible at the end of the EMSA, they need to be tagged 
with biotin, which is a compound that tightly binds a protein called streptavidin. Biotin will 
eventually allow for the DNA probes to be connected to a macromolecule capable of producing 
light. The nucleotide probes were labelled with biotin using the Thermo Scientific Biotin 3’ 
End DNA Labelling Kit (Waltham, MA, USA). Biotin labeling reactions (1X TdT reaction 
buffer, 100 nM oligonucleotide probe, 0.5 μM Biotin-11-UTP, 0.15
𝑈
𝜇𝐿
 diluted TdT) were 
incubated for 30 minutes at 37°C in an Eppendorf Vapo Protect thermocycler ( Hauppauge, 
NY, USA). Following incubation, 2.5 μL EDTA (0.2 M, pH 8.0) and 50 μL 
chloroform:isoamyl alcohol (24:1) were added to the labelling reactions. EDTA  stops the 
binding reaction and chloroform:isoamyl alcohol (24:1) separates the newly labeled ssDNA 
from other components of the reaction. The reactions were vortexed and then centrifuged for 
one minute at 14 x 1000 rcf, separating the reaction into two layers. The bottom layer from the 
labelling reaction was discarded. The aqueous layer, which contained the newly labeled DNA, 
was transferred to a new microcentrifuge tube. 
The probes were labeled as single stranded DNA, but in a living cell, DNA exists and 
interacts with proteins as a double stranded macromolecule. Therefore, in order to investigate 
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protein:DNA binding, the probes should be double stranded. In order to make dsDNA from the 
ssDNA probes, complementary forward and reverse strands were combined into a single 
microcentrifuge tube and incubated at 90°C for 1 minute and then room temperature for 30 
minutes. Newly annealed dsDNA was stored at -20°C. 
❖ DNA: Protein Binding Reaction 
125mL of 10x binding buffer (See appendix II for unlisted recipes) was prepared and 
adjusted to pH 9.04. For each DNA binding reaction, 1μL 50% glycerol, 0.5μL PolyI:C (1
𝜇𝑔
𝜇𝐿
), 
1μL protein (0.4 
𝜇𝑔
𝜇𝑙
), and 0.5μL DNA probe were added to 5 μL molecular grade H2O 
(Research Products International, Mount Prospect, IL) and allowed to incubate for 30 minutes. 
Before the His-tagged proteins were being tested using the protocol above, The GST-tagged 
proteins were tested under slightly different conditions: instead of 1 μL each of Poly(I:C) and 
DNA probe in the binding reactions, the amount was switched to 0.5 μL each. The motivation 
for this switch was that the bands that were developing during chemiluminescence were bright 
and smudged, possibly obscuring any shifted bands from view. Previous work showed that Bg-
RHD binds to the vertebrate consensus κB and to the κBs associated with IκB and p38, so in 
this study, binding reactions involving Bg-RHD were used as a positive control.37 
❖ Gel Electrophoresis and Transfer 
Polyacrylamide gels (4% stacking, 6% resolving) were prepared one day prior to 
electrophoresis using the BIO-RAD Mini Protean Tetra Cell casting module (2000 Alfred 
Nobel Drive, Hercules, California, USA).  Before polymerization, both layers were degassed 
for 15 minutes. After the resolving layer was poured, a thin layer of 95% ethanol was poured 
over the top to ensure that the resolving layer polymerized with a straight edge. The resolving 
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layer was allowed to polymerize for  at least one hour before the stacking layer was added. 
Likewise, the stacking layer was given at least one hour to polymerize. Gels were wrapped in 
wet paper towels and cellophane and subsequently stored at 4°C overnight. 
Protein:DNA  interactions are fragile, so measures were taken to prevent the disruption of 
these interactions. Ammonium persulfate (APS) is one of the key components that catalyzes 
polyacrylamide gel polymerization. However, APS poses a threat to weaker interacitons like 
protein:DNA binding. As a precaution, any APS leftover from the polymerization reaction was 
expelled from the gel by pre-running the gel for 30 minutes at 100 V. After the pre-run, the 
running buffer was replaced. In addition, the gel box was surrounded with ice in order to keep 
the binding reactions as cool and stable as possible while they ran down the gel.  
 Before loading the gel, 0.5μL of loading dye was added to each protein:DNA 
binding reaction. The gel was loaded and run at 96 V for an hour and a half in cold 0.25X TBE 
(pH 8.3).  While the protein:DNA reactions ran down the gel, a sheet of Fluka Analytical (type 
B, positive) blotting nylon was soaked in 0.25X TBE for 30 minutes (Honeywell, 8008 
Corporate Center Dr, Charlotte, NC, USA). Following gel electrophoresis, the contents of the 
gel were transferred to the nylon sheet at 48 mA for one hour. After transfer, the nylon was 
UV-crosslinked for two minutes using a UVP CL-1000 Ultraviolet Crosslinker (Analytik Jena  
2066 Upland, CA, USA). 
❖ Chemiluminescence  
Chemiluminescent visualization was achieved using the Thermo Scientific 
Chemiluminescent Nucleic Acid Detection Module. The crosslinked nylon sheet was washed 
according to the manufacturer’s instructions, with the exception that only 6 mL of any given 
reagent were used for each wash and all washes occurred in the same plastic receptacle.  
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After completing all washes, 2 mL of luminol enhancer solution and hydrogen peroxide 
were applied to the nylon sheet. The nylon sheet was imaged using a Kodak Image Station 
4000 mm Pro (Carestream Health, Inc, 150 Verona Street, Rochester, NY, USA). The nylon 
was exposed for 3 minutes to UV epi-illumination and the resulting images were saved for later 
analysis. The contrast was adjusted and colors were inverted to improve visibility of bands as 
needed. In Fiji Imagej, minimum and maximum values for the contrast histogram were set as 
close to 0 and 1930 respectively as Fiji ImageJ would allow. 
In silico Sequence Analysis 
Because the N-terminus of Bg-p65 was unusually long, it became a subject of interest 
and was also investigated in the present study. SMART was used to identify amino acid 
sequences homologous to known conserved domains in Bg-p65 and Bg-p50.46,47 Porter 5.0 was 
used to predict a possible secondary structure for the sequence.48–51 Via the EMBL-EBI 
interface, the entirety of the cDNA sequence and amino acid sequence encoding Bg-p65 was 
compared to those of homologous proteins in 21 other organisms using Clustal Omega (ver 
1.2.4).47,52 Clustal Omega was also used to compare the nucleotides and amino acids that 
correspond to the first 110 amino acid residues of Bg-p65 to the corresponding sequences in the 
21 organisms, including species from the phyla Annelida, Mollusca, Arthropoda, and 
Brachiopoda, listed in the appendix.53–55  
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Immunoassays 
❖ Materials 
Custom primary antibodies were produced by Pacific Immunology (1672 Main St. Ste. 
E #171, Ramona, CA, USA) Primary antibodies against the N-terminal region of Bg-p65, the 
C-terminal region of Bg-p65 and the N-terminal region of Bg-p50 were aliquoted and stored in 
-20°C. Secondary antibodies, tagged with either AP conjugate or Alexa 594 fluorophore were 
kept at 4°C. The AP conjugated antibodies were obtained from Promega (Promega 
Corporation, 2800 Woods Hollow Road, Madison, WI, USA) and the Alexa 594 tagged 
antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). 
 
Figure 5. Primary Antibody Specificity. The primary antibodies used in this 
study bind to specific sites of the NF-κB subunits: either the N-terminal end or the C-
terminal end.   
❖ Immunocytochemistry 
An immunocytochemistry assay was also performed in order to ascertain the 
localization of Bg-p65 and Bg-p50 in B. glabrata hemocytes. The headfoot retraction method56 
was used to obtain blood from an individual snail: the shell of the snail is chipped away with 
tweezers and the snail defensively ejects its own blood  as it retracts  into its shell.  The ejected 
blood was collected with a pipette and deposited into a petri dish. The petri dish was kept on 
ice in order to prevent the hemocytes from sticking to each other or the dish. 10 μL of 
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hemolymph was pipetted into wells of a Teflon coated slide. The hemolymph on the slide was 
left to sit for an hour and a half in order for the hemocytes to adhere to the slide. Following, the 
wells were carefully washed with room temperature Chernin’s balanced salt solution (CBSS)  
three times, each for three minutes. Then the cells were fixed with 4% paraformaldehyde for 15 
minutes. This was followed by three three-minute washes (3x3) with room temperature sPBS. 
Next, the wells were treated with 0.2% Triton X for 5 minutes followed by another set of 3x3 
sPBS washes. The wells were then blocked in 1% bovine serum albumin (BSA) for an hour. 
Primary antibodies were each was diluted to 0.013 mg/mL  in 1% BSA. The wells were 
incubated in this diluted solution overnight at 4°C. 
 Following, the cells were again washed 3x3 in sPBS. The cells were incubated with 
both a secondary antibody tagged with Alexa 596 diluted 1:750 in blocking buffer (5% BSA in 
TBS-T), and Hoechst stain (1μg/mL) for an hour and a half. The Alexa 596 The wells were 
washed 3x3 in sPBS once more and then a mounting medium (Vectashield) and a cover slip 
were applied. The coverslip was sealed with clearcoat nail polish and the slide was stored at 
4°C in a foil wrapped box. 
❖ Western Blotting 
In order to learn more about the structure of Bg-p65, snail tissue samples were probed 
for the presence of Bgp-65 using antibodies that recognize  either the N-terminal or C-terminal 
ends of Bg-p65. (Fig. 5) Because the structure of Bg-p65 is of interest, the antibodies were 
checked against the protein in its native folded state and an unfolded denatured state. An 
individual snail  was crushed between two microscope slides and the headfoot was removed 
and placed in a clean microcentrifuge tube. The tissue was ground in 300 μL of native sample 
buffer on ice for 1 minute, and then centrifuged for 1 minute at 4 °C and 13,000 rpm. The 
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supernatant was collected and separated into two tubes, 125 μL each: one for samples to be 
kept in native conditions and one for samples to be denatured. 125 μL of native sample buffer 
was added to the native tube, which was subsequently kept on ice. 125 μL of Bio-Rad laemelli 
was added to the denatured tube. The contents of the denaturing tube were boiled for one 
minute and put on ice.  
The samples were loaded into wells of  6% stacking-10% resolving polyacrylamide gels 
and run in Tris/glycine buffer at 121 V for 45 minutes. The denatured samples were run in a gel 
containing SDS with buffer containing SDS whereas the native samples were run in a gel 
without SDS. The samples were transferred to nitrocellulose membrane (Biorad) at 43 mA for 
one hour. After transfer, the membrane was soaked in blocking buffer (5% BSA in TBS-T) for 
2 hours. The membrane was incubated with primary antibody (0.25 ug/mL in blocking buffer) 
overnight at 4°C.  
The following morning the membrane was washed in TBS-T twice for 15 minutes each 
and then incubated in secondary alkaline phosphatase conjugated antibody diluted 1:7,500 for 1 
hour. The membrane was washed twice again in TBS-T for 15 minutes each wash. The 
membrane was then rinsed in alkaline phosphatase (AP) buffer and incubated in a developing 
solution containing 66 μL NBT and 33 μL BICA dissolved in 10 mL AP buffer) for an hour. 
Once purple bands appeared or the developing solution gained a purple tint, the nitrocellulose 
membranes were rinsed in water to stop the reaction. 
NF-κB in B. glabrata: A genetic fluke? 
31 
 
Results 
EMSA 
The primary aim of this study was to explore the DNA binding specificity of the NF-κB 
subunits p65 and p50 in B. glabrata using electrophoretic mobility shift assays. Regardless of 
probe used, EMSAs involving GST-tagged Bg-p65, GST-tagged Bg-p50, and His-tagged Bg-
p50 did not show a shift that would indicate binding. EMSAs revealed that His-tagged Bg-p65 
bind the vertebrate consensus κB probe and the IΚB κB probe. GST-p65and GST-p50 did not 
show binding to either the vertebrate consensus κB nor the IΚB κB. For binding reactions 
involving the κB upstream of Bg-p38, there were no shifts observed. EMSA reactions are 
summarized in Table 2. 
 
Figure 6. Observed Shifts. EMSAs were used to test the ability of Bg-p65 and Bg-
p50 to bind putative κBs in the genome of B. glabrata and the vertebrate 
consequence κB. Shown here are images from two EMSAs showing DNA binding. 
The lower row of bands are unbound DNA probes. The right most lane of each 
image shows the positive control reaction: the Vertebrate consensus κB with Bg-
RHD. The upper band in these lanes indicates DNA that has been bound by Bg-
RHD. The red boxes mark bands that indicate DNA binding in the experimental 
groups. His-tagged Bg-p65 is shown binding wildtype Vert κB and wildtype IκB 
but not mutant Vert or mutant IκB. This is indicative of binding specificity in Bg-
p65. 
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      Protein   
      GST His-tagged   
  Probe Bg-p65 Bg-p50 Bg-p65 Bg-p50   
  
Vert 
Bound 0 0 2 0   
  Total 7 4 5 3   
  
IκB 
Bound 0 0 1 0   
  Total 6 5 2 1   
  
p38 
Bound 0 0 0 0   
  Total 0 0 2 1   
Table 2. Summary of Conducted EMSAs. This table summarizes EMSAs 
that have been conducted over the course of the study. For visual 
convenience, cells with a value of zero have been colored grey.  
 
In Silico Sequence Analysis 
In order to elucidate the nature of the extended N-terminal region of Bg-p65, in silico 
sequence analysis tools were employed. SMART (http://smart.embl-heidelberg.de/) was used to 
identify amino acid sequences homologous to known conserved domains. (Fig. 7) SMART 
identified two domains in Bg-p65: a Rel homology domain and an IPT (ig-like, plexins, 
transcription factors) domain. SMART also labeled five low complexity regions. Aside from a 
low complexity region, SMART failed to identify any conserved domains in the 110 N-
terminal residues. SMART was also used to explore the structure of Bg-p50. It identified a Rel 
homology domain, an IPT domain, ankyrin repeats, and a death domain. 
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Figure 7. SMART-generated protein architectural diagrams. The amino acid 
sequences of Bg-p65 and Bg-p50 were inputted into SMART and the above protein 
schematics were generated. Magenta sections of protein represent low complexity 
regions. Both Bg-p65 and Bg-p50 had Rel homology and IPT domains mapped to 
their sequences. Bg-p50 was also predicted to have a set of Ankyrin repeats and a 
death domain.   
 
Porter 5.0 was used to predict the secondary structure of the Bg-p65 N-terminus. Porter 
predicted that the N-terminal extension consists mainly of coils and helices. Please note that 
Porter uses the term coils to refer to sections of the amino acid sequence for which the 
algorithm could not predict an organized structure. (Fig. 8) 
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Figure 8. Porter 5.0 Output. The plain text above is the output from Porter 5.0’s 
analysis of the Bg-p65 N-terminal extension. The results were split into three blocks, 
that should otherwise be read as one line. Within each block there are five rows. 
The top row shows the amino acid sequence that was analyzed.  The rows labeled 
SS3 and SS8 list the structural predications made by Porter 5.0’s two algorithms. 
“C” stands for coil, “H” stands for helix “S” and “T” also represent coils. The SS8 
algorithm is said to be more accurate. Numbers beneath each algorithm’s output 
represents confidence values, 0 being lowest confidence and 9 being highest 
confidence. 
 
 In the available literature, there is no mention of the N-terminal extension, or any 
homologous amino acid sequences in p65 homology in other organisms. NCBI nucleotide 
BLAST was used to find p65 homologs in other invertebrate, mostly mollusks. Clustal Omega 
2.1 was used to generate percent identity matrices comparing the nucleotide and amino acid 
sequences of Bg-p65, along with the sequences that are only associated with the N-terminal 
extension, with the sequences of homologous proteins in other invertebrates. (Table 3) When the 
nucleotide sequence of Bg-p65 in its entirety was compared to other organisms’ p65 homologs, 
Bathymodiolus azoricus had the highest percent identity (64.98%). When  only the first 110 
amino acid residues of  Bg-p65 were compared, the homolog in Pomacea canaliculate was 
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found to have the highest percent identity (53.64%). Aplysia californica’s p65 homolog had the 
highest percent identity compared to both the entirety of Bg-p65 (71.11%) and just the N-
terminal extension of Bg-p65 (32.58%).  
 
Table 3. Percent Identity Matrix. The table lists the 22 invertebrates whose NF-
κB homologs were compared using Clustal Omega. Phylum, class, and species are 
listed on the right for each homolog compared. To the left of each organism is a set 
of four percent identity scores, retrieved from the percent identity matrices 
generated by Clustal Omega. The first two scores represent percent identity with 
Bg-p65 when the homolog is compared to the entirety of Bg-p65. The last two 
scores resulted when only the first 110 amino acids of Bg-p65 were compared to 
the homolog. Both amino acid sequence and nucleotide sequences were compared, 
resulting in four percent identity scores generated for each homolog. The top row 
shows the percent identity scores for Bg-p65 compared with Bg-p65. The data is 
arranged by whole Bg-p65 amino acid percent identity in descending order. 
 
Phylum Class Species A. Acid Nucleotide A. Acid Nucleotide
Mollusca Gastropoda Biomphalaria glabrata 100 100 100 100
Mollusca Gastropoda Aplysia californica 71.11 60.61 32.58 34.46
Mollusca Bivalvia Bathymodiolus azoricus 69.52 64.98 0 0
Mollusca Gastropoda Lottia gigantea 62.33 64.78 20 22.22
Mollusca Bivalvia Azumapecten farreri 59.2 49.79 12.05 45.83
Annelida Clitellata Helobdella robusta 54.18 52.3 21.43 41.13
Mollusca Gastropoda Haliotis discus 51.29 52.24 21.43 43.59
Mollusca Gastropoda Pomacea canaliculata 51.01 53.38 10.98 53.64
Mollusca Cephalopoda Octopus bimaculoides 49.38 49.64 31.58 43.3
Mollusca Bivalvia Mizuhopecten yessoensis 48.9 50.84 15.66 40
Mollusca Bivalvia Pinctada fucata 48.89 51.19 21.35 38.94
Annelida Clitellata Tubifex tubifex 48.63 52.05 0 45.34
Mollusca Bivalvia Crassostrea gigas 48.22 50.73 9.09 40.17
Mollusca Bivalvia Cyclina sinensis 46.61 50.9 17.44 44.3
Mollusca Cephalopoda Euprymna scolopes 45.79 50.63 11.11 42.38
Brachipoda Linguliformia Lingula anatina 43.98 49.1 20.63 51.92
Arthopoda Hexapoda Culex quinquefasciatus 42.21 43.83 27.27 46.99
Annelida Polychaeta Urechis unicinctus 42.07 50.74 17.86 47.18
Arthropoda Hexapoda Eufriesea mexicana 39.54 48.1 23.4 42.37
Arthopoda Hexapoda  Apis mellifera 38.36 47.74 18.6 44.63
Arthopoda Hexapoda Rhagoletis zephyria 36.87 46.51 18.75 42.44
Arthopoda Hexapoda Drosophila melanogaster 25.63 42.91 12.22 41.46
Whole ProteinOrganism First 110 Amino Acids
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Immunocytochemistry 
Immunocytochemistry was conducted in order determine localization of NF-κB 
subunits, relative to the nuclei of the hemocytes of Biomphalaria glabrata. Confocal 
microscopy showed Bg-p65 and Bg-p50 present throughout the cytoplasm of the hemocytes. 
Wells labeled with α-N terminal p65 and α-N terminal p105 antibodies were successfully 
imaged. Wells labeled using α-C terminal p65 antibodies were successfully visualized, but 
were not imaged. They appeared very similar to the α-N terminal p-65 and α-N terminal p105 
wells.57 (Fig. 9)   
 
Figure 9. Immunocytochemistry. Hemocytes were collected from B. glabrata and 
stained with Hoechst stain, which stains cellular nuclei (blue). NF-κB subunits, 
either B-p65 or Bg-p50, were labeled with fluorescent antibodies (green).  (n=1) 
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Western Blotting 
To probe the structure of the Bg-p65 subunit, western blots were conducted to 
determine whether the same antibodies could recognize Bg-p65 in both a denatured, unfolded 
(linear) state and a native, folded state. In the case of both the N-terminal and C-terminal 
antibodies, protein bands only developed under denaturing conditions. (Fig. 10) 
 
Figure 10. Western Blots. Western blotting was used to investigate antibody 
sensitivity to protein conformation. Molecular weight markers have been annotated 
with pink and blue bands. Pink bands represent 75 kDa and blue bands represent 
100 kDa. Green braces indicate bands that were recognized by the antibody. Only 
denatured proteins were recognized by the antibodies. (n=1)  
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Discussion 
With regards to NF-κB in B. glabrata, much remains to be uncovered. The present 
study has investigated the binding activity of Bg-p65 and Bg-p50 along with the structure of 
the N-terminal region of Bg-p65. In order to study binding capability, electrophoretic mobility 
shift assays were conducted. Furthermore, the N-terminal extension was examined through a 
combination of sequence analysis and antibody based assays.  
EMSAs 
The EMSAs conducted during this study made up the principal part of the investigation. 
DNA binding was shown for vertebrate consensus κB:His-p65 and IκB:His-p65 binding 
reactions. No binding was shown for His-p65 or His-p50 with the κB upstream of Bg-p38. 
Neither GST-tagged protein showed binding to the vertebrate κB probe nor the IκB κB probe. 
GST, compared to histidine, is a bulky tag that was appended onto the N terminal sides of the 
proteins, close to where their RHD is located. It is possible that this additional GST motif is 
blocking the RHD from interacting with DNA or otherwise altering the conformation of the 
protein as a whole, interfering with DNA binding.  
The present study provided evidence for NF-κB binding to κBs upstream of IκB. By 
extension, this finding implies that NF-κB regulates the expression of IκB in some capacity. 
This result was only possible because Humphries and Harter thought to look for κBs upstream 
of Bg-IκB.37 A more comprehensive understanding of Bg-NF-κB binding activity can be 
attained through high-throughput technologies like protein binding microarrays (PBMs). These 
essentially function like the ELISAs described above, but on a much smaller scale with 
thousands of unique random probes. Such an experiment would reveal NF-κB biding affinity 
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for novel sequences and provide evidence for Bg-NF-κB regulating previously unconsidered 
genes. 23   
In Silico Analysis 
Porter’s approximation of Bg-p65’s N terminal domain is inconclusive with only 2 
predicted motifs: helices spanning amino acids 20-29 and 32-45. Of course, de novo protein 
structure prediction is a field still in its infancy, so unreliable results like Porter’s output in the 
present study are not unexpected. At the moment, the only accurate means to determine protein 
structure is through x-ray crystallography or 3d NMR. In years to come this may not be the 
case. In January 2019, Alphabet, the company that owns Google, has announced that it was 
expanding upon its neural network, DeepMind, with a new tool called AlphaFold, which can 
accurately predict protein structure when a primary sequence is inputted.58 Alphabet has yet to 
make the code for AlphaFold publicly available, so it cannot currently be utilized to further 
investigate the form of Bg-p65. 
Sequence alignment with Clustal Omega produced some of the more interesting results. 
According to William Pearson, the father of the FASTA format, proteins can be considered 
homologous if their percent identity is above 30%.59 So for the sake of this paper, a percent 
identity over 30% has been interpreted as indicating the two compared proteins are 
homologous. When comparing Bg-p65 as a whole protein with homologs in other invertebrates, 
Bg-p65 is most similar to its homologs in other mollusks and shared homology with every 
other p-65 it was compared to, except Drosophila melanogaster’s corresponding protein. 
However, when only the first 110 amino acids of Bg-p65, those that make up the extended N 
terminal domain, were compared to whole protein homologs, only two of the twenty one 
invertebrate homologs were found to contain homologous sequences. One of the mollusks 
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found to share N-terminus homology, Octopus bimaculoides, does not even belong to the same 
class as B. glabrata. How does a cephalopod share greater homology with a gastropod than 
other gastropods? Why don’t the other mollusks compared appear to have this marked N-
terminal domain? Is the N-terminus just a genetic fluke? Further analysis, perhaps using a 
different sequence alignment algorithm and a larger variety of homologous sequences, is 
warranted.  
Immunoassays 
The results of the two immunoassays are conflicting. The western blot shows the 
antibodies bound the proteins only when they were denatured, but the same antibodies were 
clearly successful in labeling native, crosslinked proteins in the immunocytochemical 
component of the study. The two results cannot be reconciled as they are. Replications of both 
should be conducted to explain this discrepancy.   
The findings of the present paper do not provide a clear picture of the form or function 
of NF-κB subunits found in Biomphalaria glabrata. Bg-p65 and Bg-p50’s inability to bind κ-
binding sites cannot be confirmed by the evidence in the present study. In addition, the nature 
and purpose of the mystery domain present in Bg-p65 is still unclear. Further research is 
undoubtedly required to truly understand NF-κB, and by extension the immune response, in 
Biomphalaria glabrata. 
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Appendix I Supplementary Data 
Table 3. Table of p65 Homologs. This table lists the organisms that each p65 homolog belongs to along with accession 
numbers that correspond to nucleotide and protein sequences. 
  
Organism Accession  Number 
Phylum Class Species Common Name Nucleotide Protein 
Mollusca Gastropoda Biomphalaria glabrata   FJ804761.1 NP_001298191.1 
Mollusca Gastropoda Aplysia californica California sea hare XM_013080826.1 XP_012936280.1 
Mollusca Bivalvia Bathymodiolus azoricus   DQ673621.1 ABG73421.1 
Mollusca Gastropoda Lottia gigantea owl limpet XM_009065465.1 XP_009063713.1 
Mollusca Bivalvia Azumapecten farreri Farrer's scallop JX841198.1 AGI44586.1 
Annelida Clitellata Helobdella robusta Californian leech XM_009030586.1 XP_009028834.1 
Mollusca Gastropoda Haliotis discus disk abalone GQ903763.1 ADI72431.1 
Mollusca Gastropoda Pomacea canaliculata golden apple snail XM_025250322.1 XP_025106107.1 
Mollusca Cephalopoda Octopus bimaculoides California two-spot octopus XM_014924574.1 XP_014780060.1 
Mollusca Bivalvia Mizuhopecten yessoensis giant Ezo scallop KP408146.1 AKC01670.1 
Mollusca Bivalvia Pinctada fucata Akoya pearl oyster EF121959.1 ABL63469.1 
Annelida Clitellata Tubifex tubifex sludge worm AB192889.1 BAD60879.1 
Mollusca Bivalvia Crassostrea gigas Pacific oyster NM_001305332.1 NP_001292261.1 
Mollusca Bivalvia Cyclina sinensis black clam KR732937.1 ALA99939.1 
Mollusca Cephalopoda Euprymna scolopes Hawaiian Bobtail Squid AY956819.1 AAY27981.1 
Brachipoda Linguliformia Lingula anatina   XM_013536226.2 XP_013391680.1 
Arthopoda Hexapoda Culex quinquefasciatus southern house mosquito XM_001869584.1 XP_001869619.1 
Annelida Polychaeta Urechis unicinctus fat innkeeper worm KU951434.1 AMT84567.1 
Arthropoda Hexapoda Eufriesea mexicana   XM_017900982.1 XP_017756471.1 
Arthopoda Hexapoda  Apis mellifera western honey bee NM_001011577.1 NP_001011577.1 
Arthopoda Hexapoda Rhagoletis zephyria  Snowberry fruitfly XM_017615913.1 XP_017471402.1 
Arthopoda Hexapoda Drosophila melanogaster common fruit fly NM_057746.4 NP_477094.1 
Appendix II Recipes 
Gel Recipes 
For Native PAGE in 0.25x TBE 
4% Stacking Gel 
0.8 mL – 30% polyacrylamide 
1.2 mL – 2.5x TBE 
4.5 mL – MilliQ H2O 
10 μL – TEMED 
100 μL – 10% APS 
6% Resolving Gel 
2.4 mL – 30% polyacrylamide 
2.4 mL – 2.5x TBE 
7.2 mL – MilliQ H2O 
10 μL – TEMED 
200 μL – 10% APS 
For Native PAGE in 1x Tris/Glycine Running Buffer 
6% Stacking Gel 
1 mL – 30% polyacrylamide 
7.5 mL – 1 M Tris (pH 6.8) 
4.14 mL – MilliQ H2O 
6 μL – TEMED 
60 μL – 10% APS 
10% Resolving Gel 
4 mL – 30% polyacrylamide 
3 mL – 1.5 M Tris (pH 8.8) 
4.88 mL – MilliQ H2O 
10 μL – TEMED 
120 μL – 10% APS 
For SDS-PAGE in 1x Tris/Glycine Running Buffer 
6% Stacking Gel 
1 mL – 30% polyacrylamide 
7.5 mL – 1 M Tris (pH 6.8) 
4.14 mL – MilliQ H2O 
60 μL – 10% SDS 
6 μL – TEMED 
60 μL – 10% APS 
10% Resolving Gel 
4 mL – 30% polyacrylamide 
3 mL – 1.5 M Tris (pH 8.8) 
4.88 mL – MilliQ H2O 
120 μL – 10% SDS 
10 μL – TEMED 
120 μL – 10% APS
Buffers 
10x TBE (pH 8.5) 
31.5 mM – EDTA 
889.5 mM Boric Acid 
825 mM Tris Base 
Binding Buffer (pH 9.0) 
10 mM Tris Base 
50 mM  2M KCl 
1 mM DTT
CBSS (pH 7.2) 
48 mM NaCl 
2 mM KCl 
0.5 mM Na2HPO4 
2 mM CaCl2 ⋅ H2O 
0.64 mM NaHCO3 
6 mM Glucose 
3 mM Trehelose 
 
sPBS (pH 7.2) 
8.41  mM Na2HPO4 
1.65 mM NaH2PO4 ⋅  H2O 
45.34 mM NaCl 
 
Native Loading Buffer (pH 6.8) 
6.25 mM Tris-HCl 
40% Glycerol 
0.01% Bromophenol Blue 
  
10x SDS PAGE Buffer (pH 8.3) 
250 mM 
1.92 M Glycine 
1% SDS 
 
10x Native PAGE Buffer (pH 8.3) 
250 mM Tris 
1.92 mM glycine 
 
10x Transfer Buffer (pH 8.3) 
25 mM Tris 
192 mM glycine 
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Glossary 
Antibodies -- "Y" shaped proteins whose variable domains bind to very specific sites. 
Constant domains can be modified by adding parts of other proteins. 
Caspase -- A protein that cleaves other proteins and is involved in a pathway that 
mediates programmed cell death. 
Coactivator -- A protein that helps transcription factors upregulate gene expression.  
Dioecious -- Describes organisms that have male and female reproductive organs in 
separate organisms.60 
DNA -- Long strings of nucleotides, whose order decides the structure of proteins. 
Twists and coils to become compact. 
dsRNA -- Strings of nucleotides. Instead of containing Thymine it contains Uracil. 
Usually only found in viruses. 
Hoechst Stain -- a stain that stains DNA. Allows nuclei to be marked for microscopy. 
Major groove --Twisted DNA has "ridges" that expose internal part of the nucleotide. 
These ridges alternate major and minor, with the major groove being the larger of the two. 
Proteins use these grooves to "read" DNA. 
Proteasome - Proteins that break apart other proteins. 
Proteins -- Molecular machines that are made up of long chains of amino acids. The 
order of their amino acid sequence determines their structure and function. Perform a variety of 
tasks from binding to other proteins in order to change their shape to cutting apart DNA. 
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Receptor -- A protein that, when bound to a particular biomolecule, initiates a signal 
transduction pathway. 
TLR-NF-κB Signaling Pathway - -The biochemical pathway initiated by a Tol-like 
receptor. 
Transcription -- The process through which DNA is copied into small RNA molecules 
that can be translated into proteins. 
Transcription Factors -- proteins that bind DNA and attract proteins that initiate 
transcription. 
Van-der-Waals Forces -- miniscule attractive intermolecular forces. can aggregate to 
produce a larger effect in complex molecules. 
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